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Description
BACKGROUND OF THE INVENTION
Field of the Invention

[0001] The present invention relates to a vibration type actuator and a vibration type driving apparatus, respectively
utilizing vibrations.

Related Background Art

[0002] As a vibration type actuator for producing a motion about a multi-axis, a spherical vibration type actuator has
been proposed as disclosed, for example, in Journal of Seimitsu Kougaku Kai, Vol. 61, No. 3, pp. 1227-1230, 1995 or
NIKKEI MECHANICAL, No. 5, pp. 26-27, April 28, 1997.

[0003] Such a spherical vibration type actuator rotates a spherical moving member (rotor) about two axes or three
axes among three axes intersecting at a right angle. A plurality of vibration members (stators) each producing a rotation
force about one axis by using vibrations (e.g., travelling waves) are disposed in pressure contact with the moving
member.

[0004] Such spherical vibration type actuators now under development include a two-degree of freedom type using
four vibration members and a three-degree of freedom type using three vibration members.

[0005] An example of the vibration member used by a spherical vibration type actuator is a vibration member of a
ring vibration type actuator used for driving an auto focus lens of a camera. Fig. 16 is a perspective view of this vibration
member. The vibration member 19 has a ring elastic member 19a whose bottom is formed with piezoelectric elements
19b made of piezoelectric ceramic. The piezoelectric elements are formed with two-phase driving elements having a
proper phase difference (an odd number multiple of a half wave). These two-phase driving elements are driven by
alternating signals having a proper phase difference (e.g., 90°), so that flexural (bending) travelling waves are formed
in the elastic member 19a along its circumferential direction. An unrepresented contact member is made in contact
with the elastic member 19a by unrepresented pressure means, so that the contact member and vibrating member
are provided with a relative motion along the direction opposite to the direction of travelling waves. If the vibrating
member 19 is fixed, the contact member rotates as the moving member.

[0006] I|naspherical vibration type actuator, for example, in a two-degree of freedom type spherical vibration actuator
such as shown in Fig. 17, two pairs of opposing vibrating members 19 are disposed around a spherical moving member
2 to realize a two-degree of freedom motion by using the center lines of the vibrating members 19 as rotation axes.
[0007] As another example of the vibration type actuator producing a motion about a multi-axis, a piezoelectric ma-
nipulator has been proposed as described in a paper pp. K9-K15, Third International Conference on Motion and Vi-
bration Control, Chiba, September 1, 1996. The structure of this piezoelectric manipulator is shown in Fig. 18.
[0008] As shown, the piezoelectric manipulator is constituted of a vibration member 19 and semispherical moving
members 20a and 20b mounted on the vibration member 19 at opposite ends thereof along its axial direction. The
vibration member 19 is constituted of a cylindrical elastic member and piezoelectric elements. Unrepresented divided
electrodes are formed around the vibration member 19. The semispherical moving members 20a and 20b are attracted
toward each other by a spring 21 provided in the vibration member 19, so that the vibration members 20a and 20b are
always in contact with the opposite opening ends of the vibration member 19.

[0009] By applying proper alternating signals to the divided electrodes so as to adjust vibrations to be excited by the
vibration member 19, the semispherical moving members 20a and 20b in contact with the opening ends of the vibration
member 19 are driven by the single vibrating member 19.

[0010] According to the drive principle, an ellipsoidal motion is formed at contact points between the semispherical
moving members 20a and 20b and the vibration member 19. By changing an alternating voltage applied to each elec-
trode, ellipsoidal motions in a plurality of motion planes are formed so that the semispherical rotors can be driven in
desired directions.

[0011] However, since the conventional spherical vibration type actuator shown in Fig. 17 has a plurality of vibrating
members, the following disadvantages have been reported to date.

(1) Since a plurality of vibration members are used for a rotation about one axis, it is necessary to make each
vibration member have the same characteristics.

(2) Since a plurality of vibration members exist along the circumference of the moving member, it is difficult to
make the actuator compact and a space efficiency is poor.

(3) Since the vibration member for another axis not contributing to vibrations is made in pressure contact with the
moving member, a resistance to rotation is generated and a problem of efficiency and heat generation occurs.
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[0012] For the conventional vibration type actuator having a tubular vibration member shown in Fig. 18, the following
disadvantages have been reported.

(1) Since alternating signals matching drive directions are required to be applied to a plurality of electrodes formed
on the circumferential area of the vibration member, the signal becomes different for each electrode and the control
becomes complicated.

(2) Since the semispherical moving members 20a and 20b are made in pressure contact with the cylindrical vibra-
tion member 19 by pulling the moving members 20a and 20b toward each other by the spring 21, the movable
area is limited and the pressure force is not uniform and is difficult to be adjusted.

SUMMARY OF THE INVENTION

[0013] According to one embodiment of the present invention, a vibration type actuator is provided which comprises
a vibration member formed with vibration generating means for generating vibration displacements at least in three
different directions wherein a relative motion in a desired direction is generated between the vibration member and a
contact member in contact with the vibration member by supplying the vibration displacements in the three directions
to impart synthetic vibrations to the vibration member.

[0014] It is an object of the invention to generate a driving force of a multi-degree of freedom by using a single
vibration member.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] Figs. 1A, 1B, 1C and 1D illustrate a first embodiment of the invention, Fig. 1A is a perspective view of a
vibration member, Fig. 1B illustrates a primary longitudinal vibration mode, and Figs. 1C and 1D illustrate a secondary
traverse vibration mode.

[0016] Figs. 2A, 2B, 2C and 2D illustrate a second embodiment of the invention, Fig. 2A is a perspective view of a
vibration member, Fig. 2B illustrates a primary longitudinal vibration mode, and Figs. 2C and 2D illustrate a secondary
traverse vibration mode.

[0017] Fig. 3 is a cross sectional view of a vibration type actuator according to a third embodiment of the invention.
[0018] Fig. 4 is a cross sectional view of a vibration type actuator according to a fourth embodiment of the invention.
[0019] Fig. 5 is a cross sectional view of a vibration type actuator according to a fifth embodiment of the invention.
[0020] Fig. 6 is a cross sectional view of a vibration type actuator according to a sixth embodiment of the invention.
[0021] Fig. 7 is a cross sectional view of a vibration type actuator according to a seventh embodiment of the invention.
[0022] Fig.8isa cross sectional view of a vibration type actuator according to an eighth embodiment of the invention.
[0023] Fig. 9is a cross sectional view of a vibration type actuator according to a ninth embodiment of the invention.
[0024] Fig. 10 is a broken perspective view of a vibration member shown in Fig. 9.

[0025] Figs. 11A and 11B are a side view and a top view showing the vibration member in a supported state shown
in Fig. 9.

[0026] Fig. 12 is a side view illustrating a tenth embodiment of the invention.

[0027] Fig. 13 is a side view illustrating an eleventh embodiment of the invention.

[0028] Fig. 14 is a perspective view illustrating a twelfth embodiment of the invention.

[0029] Fig. 15 is a side view illustrating a thirteenth embodiment of the invention.

[0030] Fig. 16 is a perspective view of a ring shape vibration member.

[0031] Fig. 17 is a perspective view of a conventional spherical vibration type actuator.

[0032] Fig. 18 is a cross sectional view of a conventional vibration type actuator.

[0033] Fig. 19 is a circuit diagram of a driver for driving the vibration type actuator of the ninth embodiment.

[0034] Fig. 20 is a circuit diagram of an output circuit shown in Fig. 19.

[0035] Figs. 21A and 21B illustrate a fourteenth embodiment, Fig. 21A is a perspective view of a vibration member
showing vibration displacements in different directions, and Fig. 21B is a plan view of piezoelectric elements.

[0036] Figs. 22A, 22B, 22C and 22D illustrate a fifteenth embodiment, Fig. 22A is a perspective view of a vibration
member, Fig. 22B is a diagram illustrating the mount directions of piezoelectric elements, and Figs. 22C and 22D
illustrate displacements of the vibration member.

[0037] Fig. 23 is a diagram showing suction holding means for holding the vibration member and contact member
shown in Figs. 22A, 22B, 22C and 22D.

[0038] Figs. 24A, 24B, 24C and 24D illustrate a sixteenth embodiment, Fig. 24A is a perspective view of a vibration
member, and Figs. 24B, 24C and 24D illustrate displacements of the vibration member.

[0039] Fig. 25 is an elevational cross sectional view of a vibration type actuator according to a seventeenth embod-
iment.
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[0040] Figs. 26A and 26B show a vibration type actuator according to an eighteenth embodiment of the invention,
Fig. 26A is a cross sectional view taken along line 26 A-26A of Fig. 26B, and Fig. 26B is a top view of Fig. 26A.
[0041] Figs. 27A, 27B and 27C show a vibration type actuator according to a nineteenth embodiment of the invention,
Fig. 27A is a cross sectional view taken along line 27A-27A of Fig. 27B, Fig. 27B is a top view of Fig. 27A, and Fig.
27C is a side view of Fig. 27A.

[0042] Fig. 28 is a vector diagram illustrating a principle of a twentieth embodiment of the invention.

[0043] Fig. 29 is a vector diagram illustrating a principle of the twentieth embodiment.

[0044] Fig. 30 is a block diagram of a driver circuit of the twentieth embodiment.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
(First Embodiment)

[0045] Figs. 1A to 1D illustrate the first embodiment of the invention.

[0046] Figs. 1Ato 1D illustrate adrive principle of a vibration type actuator of the first embodiment. Between cylindrical
elastic members 1 constituting a single vibration member, piezoelectric elements 3 are fixedly sandwiched. The pie-
zoelectric elements 3 function as electrical-mechanical energy conversion elements for providing displacements such
as shown in Figs. 1B to 1D. The piezoelectric elements are, for example, a lamination of a plurality of single-plate
piezoelectric elements with necessary electrode plates being interposed. An alternating signal is applied to each elec-
trode plate to drive a corresponding necessary piezoelectric element plate.

[0047] In this embodiment, the piezoelectric elements 3 repeat expansion/compression displacements in an axial
direction upon application of alternating signals. The piezoelectric elements 3 include first to third piezoelectric ele-
ments. The first piezoelectric element excites longitudinal vibrations along a z-axis direction among the x-, y- and z-
axis directions intersecting at a right angle, as shown in Fig. 1B. The second piezoelectric element excites traverse
(flexural) vibrations in the z-x plane as shown in Fig. 1C. The third piezoelectric element excites traverse (flexural)
vibrations in the z-y plane as shown in Fig. 1D. The first piezoelectric element is polarized uniformly along a thickness
direction. The second and third piezoelectric elements are polarized to have opposite polarities on diametrical opposite
ends along the diametrical thickness direction.

[0048] When alternating signals having a phase difference of 90° are applied to the second and third piezoelectric
elements, two flexural vibrations of the vibration member are synthesized to form an ellipsoidal motion about the z-
axis (in the x-y plane) on the surface of the vibration member. In this case, since the natural frequencies of the vibration
member about the x- and y-axes are generally equal, the ellipsoidal vibrations can be generated if alternating signals
having the natural frequency as their drive frequencies are applied to the second and third piezoelectric elements.
[0049] Next, when an alternating signal having a frequency generally equal to the natural frequency of the vibration
member in the z-axis direction is applied to the first piezoelectric element, the vibration member repeats longitudinal
vibrations in the primary mode at a predetermined period.

[0050] Inthiscase, if the second piezoelectric element is applied with an alternating signal so as to excite the vibration
member at the period equal (generally equal) to that of the longitudinal vibrations of the vibration member, then an
ellipsoidal motion is generated on a surface point of the vibration member in the x-z plane so that a drive force in the
x-axis direction (about y-axis) can be obtained. In this case, the natural frequency of the vibration member in the z-
axis direction is different from the natural frequency of the primary flexural vibrations in the x-z plane. Therefore, in this
embodiment, as shown in Fig. 1C, the second piezoelectric element is driven in the secondary mode at the natural
frequency of flexural vibrations in the x-axis direction to thereby make the period of longitudinal vibrations be coincide
with that of flexural vibrations.

[0051] Similarly, if the third piezoelectric element is applied with an alternating signal so as to excite the vibration
member at the period equal (generally equal) to that of the longitudinal vibrations of the vibration member, then an
ellipsoidal motion is generated on a surface point of the vibration member in the y-z plane so that a drive force in the
y-axis direction (about x-axis) can be obtained. In this case, the natural frequency of the vibration member in the z-
axis direction is different from the natural frequency of the flexural vibrations in the y-z plane. Therefore, in this em-
bodiment, as shown in Fig. 1D, the third piezoelectric element is driven in the secondary mode at the natural frequency
of flexural vibrations in the y-axis direction to thereby make the period of longitudinal vibrations be coincide with that
of flexural vibrations.

[0052] Specifically, by applying alternating signals, e.g., alternating voltages, having a frequency near to the natural
frequency of the vibration member 1, to the first to third piezoelectric elements, the vibration member can be excited
to have longitudinal or traverse (flexural) vibrations having natural frequencies, such as shown in Figs. 1B to 1D.
[0053] By applying alternating signals to two of the first to third piezoelectric elements, the longitudinal vibrations of
the vibration member 1 and two types of traverse (flexural) vibrations intersecting at a right angle are combined to
generate ellipsoidal vibrations on a surface point of the vibration member 1. For example, a combination of the mode
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shown in Fig. 1B and the mode shown in Fig. 1C generates an ellipsoidal motion in the x-z plane, a combination of the
mode shown in Fig. 1B and the mode shown in Fig. 1D generates an ellipsoidal motion in the y-z plane, or a combination
of the mode shown in Fig. 1C and the mode shown in Fig. 1D generates an ellipsoidal motion in the x-y plane.
[0054] Therefore, a moving member made in pressure contact with the vibration member can be driven in a plurality
of directions.

[0055] With the drive principle for a conventional piezoelectric type actuator, an ellipsoidal motion on a surface point
of the elastic element about one-axis is generated by applying alternating signals having a phase difference to the two-
phase driving elements of piezoelectric elements constituting the vibration member. In this embodiment, however, a
combination of three-phase piezoelectric elements (first to third piezoelectric elements) allows generation of ellipsoidal
motions about three axes (in three planes intersecting at a right angle). Therefore, it is possible to realize a vibration
type actuator capable of driving a moving member in three planes intersecting at a right angle by a single vibration
member, and to make the actuator compact.

(Second Embodiment)

[0056] The vibration member of the vibration type actuator of the first embodiment shown in Figs. 1A to 1D is cylin-
drical. In the second embodiment, the vibration member is of a rectangular cube. Piezoelectric elements 3 are bonded
with adhesive to the sides of an elastic member 1 of a rectangular cube.

[0057] In this embodiment, for example, second and third piezoelectric elements for generating traverse (flexural)
vibrations are bonded to adjacent two sides of the elastic member 1 of a rectangular solid. Therefore, the second and
third piezoelectric elements can be disposed to have a phase difference of 90°. The first piezoelectric element for
generating longitudinal vibrations is bonded to one remaining side with adhesive.

[0058] Also in this embodiment, alternating signals like those used in the first embodiment are applied to the first to
third piezoelectric elements. Upon application of the alternating signal to the first piezoelectric element, the vibration
member generates longitudinal vibrations such as shown in Fig. 2B, upon application of the alternating signal to the
second piezoelectric element, the vibration member generates flexural vibrations in the x-z plane such as shown in
Fig. 2C, and upon application of the alternating signal to the third piezoelectric element, the vibration member generates
flexural vibrations in the y-z plane such as shown in Fig. 2D.

[0059] Therefore, similar to the first embodiment, combinations of two of three types of vibrations can provide drive
forces in three planes intersecting at a right angle.

[0060] Inthis embodiment, since the vibration member can be formed by bonding piezoelectric elements on the sides
of arrectangular cube, the vibration member can be formed easily. Moreover, only by bonding two piezoelectric elements
for generating flexural vibrations on adjacent sides, the positions (phase difference) of the two piezoelectric elements
can be defined.

[0061] Inthe first and second embodiments, if the vibration member is fixed, a contact member (indicated by broken
linesin Figs. 1A and 2B) made in pressure contact with the drive surface of the vibration member and used as a moving
member can be supplied with a drive force in perpendicular three-axis directions. Conversely, if the contact member
is fixed, the vibration member can be supplied with a drive force relative to the contact member along three-axis di-
rections intersecting at a right angle.

(Third Embodiment)

[0062] Fig. 3 illustrates the third embodiment of the invention.

[0063] The fundamental structure of a vibration type actuator of the third embodiment is similar to that of the first
embodiment shown in Figs. 1A to 1D. Piezoelectric elements 3 are disposed between a top elastic member 4 having
a central hollow portion whose inner surface is formed with a female thread and a middle elastic member 5a having a
central hollow portion, and between the middle elastic member 5a and a bottom elastic member 5b. A threading bolt
6 serving as a center shaft member and inserted from the side of the bottom elastic member 5b is engaged with the
female thread of the top elastic member 4. Therefore, the piezoelectric elements 3 are fixedly sandwiched between
the top elastic member 4 and middle elastic member 5a and between the middle elastic member 5a and bottom elastic
member 5b, and these components are integrally coupled together.

[0064] Inthis embodiment, the piezoelectric element 3 disposed between the top elastic member 4 and middle elastic
member 5a is a first piezoelectric element for exciting longitudinal vibrations in the vibration member, the piezoelectric
elements 3 disposed between the middle elastic member 5a and bottom elastic member 5b are a second piezoelectric
element for exciting longitudinal flexural vibrations in the vibration member in the x-z plane and a third piezoelectric
element for exciting longitudinal flexural vibrations in the vibration member in the y-z plane. The second and third
piezoelectric elements are disposed to have a positional phase difference of 90°.

[0065] The upper end portion of the top elastic member 4 has an inner taper surface oblique to the axial direction of
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the vibration member, the inner taper surface being in contact with a spherical moving member 2.

[0066] Therefore, also in this embodiment, similar to the first embodiment, combinations of two vibrations among
longitudinal vibrations and flexural vibrations in two directions can make the spherical member 2 rotate about x-, y-,
and z-axes.

[0067] For example, a combination of the mode shown in Fig. 1C and the mode shown in Fig. 1D can rotate the
moving member 2 about the z-axis, a combination of the mode shown in Fig. 1B and the mode shown in Fig. 1C can
rotate the moving member 2 about the y-axis, and a combination of the mode shown in Fig. 1B and the mode shown
in Fig. 1D can rotate the moving member 2 about the x-axis. The moving member 2 can therefore rotate about three
axes intersecting at a right angle.

(Fourth Embodiment)

[0068] Fig. 4 illustrates the fourth embodiment of the invention.

[0069] The fundamental structure of a vibration type actuator of the fourth embodiment is similar to that of the third
embodiment shown in Fig. 3. A different point from the third embodiment is that a moving member 2 on a top portion
4a driven in perpendicular three planes with an ellipsoidal motion has a flat plane shape.

[0070] In this embodiment, the moving member 2 made in pressure contact with the top portion of a top elastic
member 4 moves in the x- and y-axis directions and about the z-axis. For example, if longitudinal vibrations in the z-
axis direction generated by driving the first piezoelectric element and traverse vibrations in the x-z plane generated by
driving the second piezoelectric element are excited at a phase difference of about 90°, an ellipsoidal motion is gen-
erated in the top portion 4a of the vibration member in the x-z plane and the moving member 2 in contact with the top
portion 4a moves linearly in the x-axis direction.

[0071] If longitudinal vibrations in the z-axis direction and traverse vibrations in the y-z plane are excited at a phase
difference of about 90°, an ellipsoidal motion is generated in the top portion 4a in the y-x plane and the moving member
2 in contact with the top portion 4a moves linearly in the y-axis direction.

[0072] In addition, if traverse vibrations in the x-z plane and the y-z plane are excited at a phase difference of about
90°, an ellipsoidal motion is generated in the top portion 4a in the x-y plane and the moving member 2 in contact with
the top portion 4a rotates about z-axis.

(Fifth Embodiment)

[0073] Fig. 5 illustrates the fifth embodiment of the invention.

[0074] In this embodiment, the spherical moving member 2 is attracted toward and pressured against the vibration
member of the vibration type actuator of the third embodiment shown in Fig. 3, by a magnetic force of a permanent
magnet 7 which is mounted on a top recess portion 4b of the top elastic member 4.

(Sixth Embodiment)

[0075] Fig. 6 illustrates the sixth embodiment of the invention.

[0076] In this embodiment, the spherical moving member 2 is attracted toward and pressured against the vibration
member of the vibration type actuator of the third embodiment shown in Fig. 3, by a magnetic force of an electromagnet
which is energized via a coil 8 disposed in a groove 4c formed in the outer circumferential area of the top elastic member
4. The coil 8 is mounted on a support member 30 disposed around the vibration member. The distal end of a support
plate 9 extending from the vibration member is connected to the support member 30.

[0077] The coil 8 may be disposed in any area around the vibration member so long as it can constitute a magnetic
circuit.

(Seventh Embodiment)

[0078] Fig. 7 illustrates the seventh embodiment of the invention.

[0079] This embodiment intends to improve a contact performance of the spherical moving member 2 relative to the
vibration member of the vibration type actuator of the third embodiment shown in Fig. 3. A contact area between the
moving member 2 and top elastic member 4 is broadened by mounting a contact member 10 made of elastic member
on a top recess 4b of the top elastic member 4 near at the contact area.

[0080] A contact of the moving member 2 with the vibration member is therefore stabilized so that an output torque
increases and an allowable range of component working errors can be broadened.

[0081] Similar to the fifth embodiment shown in Fig. 5, in the fifth embodiment, a permanent magnet 7 is mounted
on a top recess 4b of the top elastic member 4 and the spherical moving member 2 is attracted toward and pressured
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against the vibration member by a magnetic force of the permanent magnet 7.
(Eighth Embodiment)

[0082] Fig. 8 illustrates the eighth embodiment of the invention.

[0083] This embodiment intends to improve a contact performance of the spherical moving member 2 relative to the
vibration member of the vibration type actuator of the third embodiment shown in Fig. 3 similar to the seventh embod-
iment. A top recess 4b of the top elastic member 4 of the vibration member is formed with an elastic tubular collar 11.
[0084] In this embodiment, the moving member 2 is made in contact with the elastic tubular collar 11 at some elastic
force by unrepresented pressure means. Therefore, the contact area of the spherical surface of the moving member
2 with the collar 11 can be broadened. A contact of the moving member 2 with the vibration member is therefore
stabilized so that an output torque increases and an allowable range of component working errors can be broadened.
[0085] Similar to the fifth embodiment shown in Fig. 5, in the eighth embodiment, a permanent magnet 7 is mounted
on a top recess 4b of the top elastic member 4 and the spherical moving member 2 is attracted toward and pressured
against the vibration member by a magnetic force of the permanent magnet 7.

(Ninth Embodiment)

[0086] Figs. 9, 10, 11A, and 11B illustrate the ninth embodiment of the invention.

[0087] This embodiment shows a specific structure of a cylindrical vibration member. Under a top elastic member 4,
afirst elastic member 5¢ is directly disposed. Disposed between the first elastic member 5¢ and second elastic member
5d are piezoelectric element plates 3a and 3b for exciting longitudinal vibrations therein, a piezoelectric element plate
3c for detecting vibrations, a support plate 9 for supporting the vibration member, the central area 9a of which also
functions as an electrode plate in contact with the piezoelectric element plate 3a, and electrode plates 127, 12SZ, and
13. Disposed between the second elastic member 5d and a third elastic member 5e are piezoelectric element plates
3e, 3f, 3g, and 3h for exciting traverse (flexural) vibrations, piezoelectric element plates 3d and 3i for detecting vibra-
tions, electrode plates 12SA, 12A, 12SB, 12B, and 13, and a sheet 14. By engaging a top thread of a coupling bolt 6
with a female thread formed in the inner surface of a hollow portion of the top elastic member 4, the top elastic member
4, first elastic member 5¢, second elastic member 5d, third elastic member 5e, piezoelectric element plates 3a to 3i,
electrode plates 12 and 13, and sheet 14 are all integrally sandwiched in a mount state shown in Fig. 10 to constitute
the vibration member. The electrode plate 13 is used as a ground electrode.

[0088] The support plate 9 supports the vibration member by fixing its arm portions radially extending from a central
electrode plate area 9a to a fixing member 30 shown in Figs. 11A and 11B. The support plate 9 may take any shape
different from a plate shape so long as the shape does not influence the natural frequency of the vibration member
itself. Obviously, the support plate 9 may not function also as the electrode plate.

[0089] The piezoelectric element plates 3d, 3¢, and 3f and the piezoelectric element plates 3g, 3h, and 3iare polarized
to have opposite polarities in left and right sides of each plate, and the plates 3d, 3¢, and 3f are disposed in a phase
difference of 90° in the flexural direction from that of the plates 3g, 3h, and 3i. The sheets 14 are insulative so as to
electrically insulate the second elastic member 5d from the electrode plate 12 or the third elastic member 5e from the
electrode plate 12, respectively disposed on opposite sides of the sheets 14.

[0090] When an alternating voltage having a frequency near a natural frequency of the vibration member constructed
as above is applied from a driver circuit shown in Fig. 19 to be described later, to the electrode plate 12 (12Z) sandwiched
between the piezoelectric element plates 3a and 3b, these plates 3a and 3b repeat expansion and contraction in the
thickness direction to excite longitudinal vibrations in the vibration member. The piezoelectric element plate 3¢ has a
strain because of the longitudinal vibrations generated by the piezoelectric element plates 3a and 3b and generates
an electromotive force. An alternating voltage picked up by the electrode plate 12 (12SZ) connected to the piezoelectric
element plate 3¢ is used for detecting vibrations.

[0091] When an alternating voltage having a frequency near a natural frequency of the vibration member is applied
to the electrode plate 12 (12A) sandwiched between the piezoelectric element plates 3e and 3f, these plates 3e and
3f repeat expansion and contraction in the diametrical thickness direction to excite traverse vibrations in the vibration
member.

[0092] The piezoelectric element plate 3d has a strain because of the traverse vibrations of the vibration member
excited by the piezoelectric element plates 3e and 3f and generates an electromotive force. An alternating voltage
picked up by the electrode plate 12 (12AS) connected to the piezoelectric element plate 3d is used for detecting vibra-
tions. When an alternating voltage having a frequency near a natural frequency of the vibration member is applied to
the electrode plate 12 (12B) sandwiched between the piezoelectric element plates 3g and 3h, which are disposed at
positions providing a phase difference of 90° relative to the piezoelectric element plates 3d and 3e, both side portions
these plates 3g and 3h divided by diameters thereof repeat expansion and contraction in the diametrical thickness
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direction to excite traverse (flexural) vibrations in the vibration member. The piezoelectric element plate 3i has a strain
because of the traverse (flexural) vibrations of the vibration member excited by the piezoelectric element plates 3g
and 3h and generates an electromotive force. An alternating voltage picked up by the electrode plate 12 (12SB) con-
nected to the piezoelectric element plate 3i is used for detecting vibrations.

[0093] The positions of the piezoelectric element plates 3a to 3¢ for generating longitudinal vibrations correspond to
nodes of the primary longitudinal vibration mode. The positions of the piezoelectric element plates 3d to 3ifor generating
traverse vibrations correspond to antinodes of the secondary traverse vibration mode.

[0094] A neck(recess) 4cformed in the outer circumferential area of the top elastic member 4 increases an amplitude
of natural vibrations and can lower the natural frequency. Necks (recesses) 6a formed in the coupling bolt (central
shaft) 6 can lower the natural frequency of mainly longitudinal vibrations.

[0095] Fig. 19 is a block diagram of a driver circuit for driving the vibration member described above. Reference
numeral 101 represents a CPU for controlling the whole system, reference numeral 102 represents an oscillator, ref-
erence numeral 103 represents a phase shifter, and reference numeral 104 represents a selection switch. Reference
numeral 105 represents output circuits for forming drive waveforms, the output circuits 105 each being made of a circuit
shown in Fig. 20. Output circuits 105Z, 105A, and 105B are connected to the electrode plates 12Z, 12A, and 12B via
which alternating voltages (alternating signals) are applied to the piezoelectric elements 3a and 3b, 3e and 3f, and 3g
and 3h, respectively. These piezoelectric elements generate longitudinal vibrations in the z-axis direction, traverse
(flexural) vibration in the z-x plane, and traverse (flexural) vibration in the z-y plane.

[0096] In accordance with a command from CPU 101, the selection switch 104 selects two of Z, A and B outputs to
supply two signals from the oscillator 102 and phase shifter 103. In this manner, rotation about one axis among three
axes can be selected.

[0097] Reference numeral 107 represents a pulse width controller for controlling a pulse width, the pulse width con-
troller being able to control the amplitude of an alternating voltage to be applied to the piezoelectric element. By inde-
pendently changing the alternating voltage by changing the pulse width, a vertical/horizontal ratio (a ratio of a long axis
to a short axis) of each ellipsoidal locus can be changed.

[0098] The size of the ellipsoidal locus can be changed by changing the amplitude of vibrations of the vibration
member by setting the oscillation frequency of the oscillator 102 near to or far from the natural frequency of the vibration
member.

[0099] Amplitude and phase information of the longitudinal vibrations in the z-axis direction, traverse (flexural) vi-
brations in the z-x and z-y planes and their voltages corresponding to the vibrations, respectively of the piezoelectric
element plates 3c, 3d, and 3i, are detected by the electrode plates 12SZ, 12SA, and 12SB and supplied from detection
circuits 106 to CPU 101.

[0100] In accordance with the supplied information, CPU 101 controls the pulse width controller 107, phase shifter
103, and oscillator 102 to thereby control the ellipsoidal locus to have a desired shape.

[0101] The following operations become possible by the above control.

1. Since a speed distribution of the vibration member changes in a motion direction, the speed of the moving
member can be changed.

2. Since a friction force distribution changes, it is possible to form an ellipsoidal locus having a minimum friction
loss. For example, as to the inclination of the ellipsoidal locus, the axes of the ellipsoidal locus are preferably
controlled to perpendicularly intersect with the spherical surface of the moving member. Specifically, it is possible
to improve an efficiency by generating the ellipsoidal locus in a radial direction of the inner circumferential surface
(oblique to the axial direction) of the elastic member 4 shown in Fig. 3.

[0102] Alternatively, it is possible to drive the vibration member in the state of the ellipsoidal locus having a maximum
efficiency, by feeding back signals from unrepresented rotation detector and power meter. 3. Since the contact state
(displacement and speed in a normal direction) of the moving member and vibration member also changes, the ellip-
soidal locus can be formed which provides a contact state with a minimum impact or does not generate abnormal
noises such as flutter sounds.

(Tenth Embodiment)

[0103] Fig. 12 illustrates the tenth embodiment of the invention.

[0104] Inthis embodiment, for example, the support plate 9 shown in Fig. 9 is supported by a support base 15 capable
of moving the vibration member including the support plate 9 in a desired direction. The support base 15 has a tubular
shape and is mounted on a robot arm or the like so that a multi-degree of freedom vibration type actuator can be
applied to an articulation capable of performing a motion of a multi-degree of freedom.
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(Eleventh Embodiment)

[0105] Fig. 13 illustrates the eleventh embodiment of the invention.

[0106] In this embodiment, two serially connected vibration type actuators 40 similar to ones of the above embodi-
ments and embodiments shown in Figs. 21A and 21B through 27A to 27C to be described later are used as each of
right and left operation arms. The operation arms are remotely controlled by a control system 41 by using operation
gloves. A remote operation system for driving actuators through a combination of the control system 41 and the oper-
ation arms 16 capable of reading angle changes of a human articulation, is already known. Therefore, the description
of the structure of these components is omitted.

[0107] The operation arm of this embodiment is structured as in the following. A moving member 42 of the vibration
type actuator 40 on the proximal end side has a spherical shape and is mounted on the bottom end of the vibration
type actuator 40 on the distal end side. A moving member 43 of the vibration type actuator 40 on the distal end side
has a rod shape having an operation finger portion (the moving member 43 has a spherical surface at the contact area
of the top elastic member of the vibration member). The moving members 42 and 43 are mounted on the operation
arm at positions corresponding to human articulations. In this manner, a remote operation machine (robot) realizing
human motions can be realized. A remote operation machine is a machine capable of moving like human motions.
[0108] Such a remote operation machine may be used for laparoscopic surgery or microsurgery. A laparoscopic
surgery is a surgery using an endoscope inserted in a human body and tweezers, without opening a patient body.
[0109] This application of the embodiment realizes a complicated motion of human hands in the inside of a patient
abdomen without entering human hands therein. Therefore, surgery more precise than a conventional laparoscopic
surgery becomes possible. A microsurgery is a surgery with fine operations to be performed for fine biotissues. Pres-
ently, the microsurgery is performed directly with human hands by using a microscope. By changing a patient side
scale and a machine side scale by using the remote operation machine, fine operations difficult to be performed with
human hands can be achieved.

(Twelfth Embodiment)

[0110] Fig. 14 illustrates the twelfth embodiment of the invention.

[0111] Inthis embodiment, a plurality of vibration type actuators (vibration type actuators of a multi-degree of freedom)
50 similar to ones of the above embodiments and embodiments shown in Figs. 21A and 21B through 27A to 27C to
be described later, are mounted on a chassis 17 and the spherical moving members are used. In this manner, the
chassis 17 can be moved in the x-y plane in a desired way including translation and rotation. In the example shown in
Fig. 14, although the moving members 2 of the vibration type actuators 50 of a multi-degree of freedom are in contact
with an unrepresented floor, they may be made in contact with the lower surface of rails mounted at a high position to
realize a suspension type motion mechanism.

(Thirteenth Embodiment)

[0112] Fig. 15 illustrates the thirteenth embodiment of the invention.

[0113] In this embodiment, a camera 18 is mounted in a spherical moving member 2 of the moving member of a
vibration type actuator (vibration type actuator of a multi-degree of freedom) 50 similar to one of the above embodiments
and embodiments shown in Figs. 21A and 21B through 27A to 27C to be described later, to thereby realize an image
pickup device for entering image information to a monitor camera, a computer or the like.

(Fourteenth Embodiment)

[0114] Figs. 21A and 21B illustrate the fourteenth embodiment of a vibration type actuator and its drive principle.
Between cylindrical elastic members 101 and 102 constituting a single vibration member 100, a piezoelectric element
103 divided into four polarized areas such as shown in Fig. 21B and functioning as electrical-mechanical energy con-
version elements is fixedly sandwiched (the piezoelectric element 103 being a lamination of a plurality of piezoelectric
element plates each divided into four polarized areas having the same phase). Alternating signals (voltages) for inde-
pendently driving each polarized area of the piezoelectric element 103 can be applied. An inner circumferential surface
100a of the vibration member constituting a contact area (drive area) to a moving member 102 is set oblique to the
axial direction of the vibration member, and the spherical moving member 102 is slightly entered into the inside of the
vibration member 100.

[0115] The polarized areas A to D of the piezoelectric element 103 have the same polarity. In order to displace the
vibration member 100 in the z-axis direction, the following alternating signals are supplied:
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VA:VB:VC:VD:sinc)t

VA:VC:sin c)torVB:VD:sin ot

[0116] In order to displace the vibration member 100 in the x-axis direction (flexural vibrations in the z-x plane), the
following alternating signals are applied:

VA =sin ot, Vc =-sin ot, or

VA = cos ot, Vc =-cos ot

[0117] In order to displace the vibration member 100 in the y-axis direction (flexural vibrations in the z-y plane), the
following alternating signals are applied:

VB =sin ot, VD =-sin ot,
or
VB = cos ot, VD =-cos ot

[0118] Upon application of these alternating signals, the vibration member 100 is displaced in the z-, x-, and y-axis
directions as shown in Fig. 21A. Vibrations in respective axes are resonated by setting the primary mode to the vibrations
in the z-axis direction and the secondary mode to the vibrations in the x- and y-axis directions.

[0119] A first portion 101a having a small rigidity because of a circumferential groove corresponds to the node of
vibrations in the x- and y-axis directions and servers to enhance the displacement of flexural (bending) vibrations.
[0120] A second portion 101b having a small rigidity because of a circumferential groove corresponds to the node
of vibrations in the z-axis direction and servers to enhance the displacement of longitudinal vibrations.

[0121] The embodiment shown in Figs. 21A and 21B does not require an electrical-mechanical energy conversion
element dedicated to longitudinal vibrations like those first to thirteenth embodiments. The displacement of the vibration
member 100 in the three-axis directions is allowed fundamentally by selectively supplying alternating signals to a
plurality of polarized areas.

[0122] Next, supplying alternating signals to rotate the spherical moving member 102 about each axis will be de-
scribed.

[0123] In order to rotate the moving member 102 about the x-axis, displacements in the z- and y-axis directions are
imparted, for example, at a phase difference of 90°. Namely, the following alternating signals are supplied to corre-
sponding polarized areas A to D:

V, = Vg =V, =V =sin ot (displacement in the z-axis direction)

Vg =cos ot, V = - cos ot (displacement in the y-axis direction)
[0124] Therefore, the following alternating signals are supplied to the polarized areas A to D:

VA = sin ot

Vg =sin ot + cos ot = J2 sin(ot + n/4)

10
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Vc =sin ot

Vp =sin ot - cos ot = 2 sin(ot - ©/4)

[0125] In order to rotate the moving member 102 about the y-axis, displacements in the z- and x-axis directions are
imparted, for example, at a phase difference of 90°. Namely, the following alternating signals are supplied to corre-
sponding polarized areas A to D:

V, = Vg =V, =V =sin ot (displacement in the z-axis direction)

V, =sin ot, Vi = - sin ot (displacement in the x-axis direction)

[0126] Therefore, the following alternating signals (z-axis direction displacement + x-axis direction displacement)
are supplied to the polarized areas A to D:

V, = /2 sin(ot + n/4)
Vg = sin ot
V= /2 sin(ot - n/4)
Vp = sin ot

[0127] In order to rotate the moving member 102 about the z-axis, displacements in the x- and y-axis directions are
imparted, for example, at a phase difference of 90°. Namely, the following alternating signals (x-axis direction displace-
ment + y-axis direction displacement) are supplied to corresponding polarized areas A to D:

V, = sin ot
VB = cos ot
Vc =-sin ot

VD = -cos ot

[0128] In imparting the displacement in the z-axis direction, if only the polarized areas A and C of the piezoelectric
element 103 are used, the alternating signal to each polarized area is changed as in the followings.
[0129] Namely, for the rotation about the x-axis, the following alternating signals are supplied:

Vp =V, =sin ot

VB = cos ot
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Vv - cos wt

D:

[0130] For the rotation about the y-axis, the following alternating signals are supplied:

V, =cos ot
Vg = sin ot
Ve =-cos ot
Vp = sin ot

[0131] For the rotation about the z-axis, the following alternating signals are supplied:

VA = sin ot

VB = cos ot

Vc =-sin ot

VD = -cos ot

[0132] If the phase difference is changed from 90°, the shape of the ellipsoidal motion changes so that the vibration
member can be driven with a high torque matching a contact angle between the moving member 102 and the driving
area of the vibration member 100.

(Fifteenth Embodiment)

[0133] Figs. 22Ato 22D illustrate the structure and displacement modes of a vibration type actuator according to the
fifteenth embodiment.

[0134] In this embodiment, a cylindrical elastic member 201 and a disk type elastic member 202 coupled together
constitute a single vibration member 200. The elastic member 201 is in reality divided into two pieces between which
piezoelectric elements 203 and 204 as electrical-mechanical energy conversion elements are fixedly sandwiched. The
disk type elastic member 202 has four piezoelectric elements 205a to 205d as electrical-mechanical energy conversion
elements mounted on the surface of the elastic member 202.

[0135] The piezoelectric element 203 displaces the elastic member 201 serving as the driving part in the x-direction
as shown in Fig. 22C, and provides the same function as that of the piezoelectric elements 3e and 3f shown in Fig.
10. The piezoelectric element 204 displaces the elastic member 201 serving as the driving part in the y-direction, and
provides the same function as that of the piezoelectric elements 3g and 3h shown in Fig. 10. The piezoelectric elements
203 and 204 have polarization phases shifted by 90°.

[0136] The piezoelectric elements 205a to 205d all have the same polarization polarity and bend the disk type elastic
member 202 as shown in Fig. 22D to thereby displace the elastic member 201 serving as the driving part in the z-axis
direction.

[0137] Aspherical movingmember 206 similar to the fourteenth embodiment abuts on the elastic member 201 serving
as the driving part. By supplying alternating signals having a phase shift of, for example, 90° to the piezoelectric ele-
ments 204, 205a to 205d, the moving member 206 can be rotated about the x-axis. By supplying alternating signals
having a phase shift of, for example, 90° to the piezoelectric elements 203, 205a to 205d, the moving member 206
can be rotated about the y-axis.

[0138] In order to rotate the moving member 206 about the z-axis, alternating signals having a phase shift of, for
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example, 90° are supplied to the piezoelectric elements 203 and 204.

[0139] In orderto make the moving member 206 always in pressure contact with the elastic member 201 irrespective
of the direction of a gravitational force of the moving member 206, a permanent magnet 210 may be mounted in the
elastic member 201 as shown in Fig. 23 and the moving member 206 itself is made of magnetic material. With these
methods, the moving member 201 can be made always in pressure contact with the vibration 200 because of an
attraction force of the permanent magnet, irrespective of the direction of a gravitational force.

[0140] The shape of the ellipsoidal motion may be changed with some advantageous results by setting the phase
shift different from 90°.

(Sixteenth Embodiment)

[0141] Figs. 24Ato 24D illustrate the structure and displacement modes of a vibration type actuator according to the
sixteenth embodiment.

[0142] In this embodiment, a cylindrical elastic member 301 and a disk type elastic member 302 coupled together
constitute a single vibration member 300. A permanent magnet (not shown) is mounted in the elastic member 301 to
make a moving member 306 made of magnetic material always in pressure contact with the vibration member 300 by
the attraction force of the permanent magnet.

[0143] The elastic member 302 has four piezoelectric elements (polarized areas) 303a to 303d as electrical-mechan-
ical energy conversion elements mounted on the surface of the elastic member 302. By selectively supplying alternating
signals to the piezoelectric elements 303a to 303d, the elastic member 301 serving as the driving part can be displaced
in the x-, y-, and z-axis directions as shown in Figs. 24B to 24D.

[0144] In order to rotate the moving member 306 about the x-axis, displacement (Fig. 24C) in the y-axis direction
and displacement (Fig. 24D) in the z-axis direction having a phase difference of, for example, 90° are imparted. In
order to rotate the moving member 306 about the y-axis, displacement (Fig. 24B) in the x-axis direction and displace-
ment (Fig. 24D) in the z-axis direction having a phase difference of, for example, 90° are imparted. In order to rotate
the moving member 306 about the z-axis, displacement (Fig. 24B) in the x-axis direction and displacement (Fig. 24C)
in the y-axis direction having a phase difference of, for example, 90° are imparted. The shape of the ellipsoidal motion
may be changed with some advantageous results by setting the phase shift different from 90°.

[0145] Supplying the alternating signals to the piezoelectric elements 303a to 303d is similar to the fourteenth em-
bodiment and the detailed description thereof is omitted.

(Seventeenth Embodiment)

[0146] Fig. 25 illustrates the structure of a vibration type actuator according to the seventeenth embodiment.
[0147] In this embodiment, a plurality of cylindrical elastic members 401, 402, and 403 constitute a single vibration
member 400. Between the elastic members 401 and 402, a piezoelectric element 404 is sandwiched, and between
the elastic members 402 and 403, a piezoelectric element 405 is sandwiched. These three elastic members 401 to
403 are coupled together by a bolt 407 which serves as a coupling means. Reference numeral 406 represents a
spherical moving member.

[0148] The feature of this embodiment resides in that pressure contact between the vibration member 400 and moving
member 406 is ensured by air suction. Specifically, a hose 408 is inserted into a recess 401a near the driving part of
the vibration member 400, and air in the recess is sucked via the hose 408 to generate an attraction force near the
driving part. It is therefore possible to make the moving member always in pressure contact with the vibration member
400, irrespective of the direction of a gravitational force.

[0149] Reference numeral 410 represents a casing. The distal ends of a support member 411 sandwiched between
the elastic members 401 and 402 are fixed to the casing 410 to thereby support the vibration member 400.

(Eighteenth Embodiment)

[0150] The eighteenth embodiment is a modification of the seventeenth embodiment and has, as shown in Fig. 26A,
a different structure for making a moving member 406 in pressure contact with a driving part of a vibration member 400.
[01561] Specifically, an upper dome cover 412 is rotatively mounted on a casing 410 at its upper portion by a ball
bearing 413. Four pushers 415 are movably mounted on the upper cover 412, the pusher 415 pushing the moving
member 406 toward the vibration member 400 by a coil spring 414. This pushing force by the pusher 415 makes the
moving member 406 in pressure contact with the vibration member 400 irrespective of the direction of a gravitational
force. The vibration member 400 is supported by the casing 410 by a support member 411.

[0152] A projection 406a serving as an actual driving part of the moving member 406 extends above the upper cover
412. In order to allow the moving member 406 to rotate in any direction, the upper cover 406 is formed with a cross
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notch 412a as shown in Fig. 26B.

[0163] The projection 406a of the moving member 406 is inserted into the notch 412a and the upper case 412 is
freely rotative relative to the casing 410. Therefore, even if the projection 406a is rotated (swung) in any direction, the
upper cover 412 is also rotated to make the projection 406a enter into the notch 412a without any restriction.

(Nineteenth Embodiment)

[0154] The nineteenth embodiment is a modification of the eighteenth embodiment and, as shown in Fig. 27A, an
upper cover 420 is rotatively mounted on a casing 410 at its upper portion by a ball bearing 413 on which belleville
springs 422 are mounted with a ball bearing pusher 423 being interposed under the belleville springs 422. The belleville
springs 422 push the upper cover 420 downward toward the casing 410 to energize the moving member 406 and
vibration member 400 in a pressure contact direction.

[01565] Three fixed pushers 424 formed on the inner surface of the upper cover 420 make the moving member 406
in pressure contact with the vibration member.

[0156] As shown in Fig. 27B, the upper cover 420 has a generally Y-character shaped noich 420a. The function of
this notch 420a is the same as the notch 412a shown in Fig. 26B. Fig. 27C shows an outer shape of the vibration type
actuator.

[01567] Inthe embodiments having the upper covers 412 and 420 shown in Figs. 26A and 26B through 27A to 27C,
the moving member 406 is substantially covered with the upper cover so that it is possible to prevent a change in a
friction coefficient to be caused by oil or dusts when it is touched.

(Twentieth Embodiment)

[0158] In this embodiment, the moving member can rotate at any desired angle. A broken line shown in Fig. 29 is
an axis slanted by an angle 6, from the x-axis to the z-axis in the x-z plane, and a solid line in Fig. 29 is an axis slanted
by an angle 6, from the x-axis to the y-axis in the x-y plane.

[0159] If rotations about an axis slanted by an angle of 8; or 6, from two of the x-, y-, and z- reference axes can be
realized, a rotation about any axis in an optional direction can also be realized.

[0160] As a specific example, a method of realizing rotations about the axis slanted by an angle of 6; and 6, from
the x-axis will be described.

[0161] As shown in Fig. 28, a rotation about the axis slanted by an angle 6; from the x-axis in the x-z plane can be
defined by:

08, = Aox + Boz
where
B/A = tan 0, and lox!l = lozl

[0162] As shown in Fig. 29, a rotation about the axis slanted by an angle 6, from the x-axis in the x-y plane can be
defined by:

08, = Cox + Doy

where D/C = tan 6, and loxI = oyl
[0163] A rotation about the axis slanted by an angle of (8; + 6,) can be defined by:

o(0; + 6,) = 09, + ©0, = Aox + Boy + Caz

where B/A = tan 6, and C/A = tan 6,

[0164] In the following description, the phase difference is first assumed to be 90°.

[0165] The vibration type actuator shown in Figs. 1A to 1D, 2Ato 2D and 3to 10 is used, and the alternating signals
to be supplied to the electrode plates 12A, 12B, and 12Z shown in Fig. 10 for allowing the vibration member to be
driven about an axis having a desired angle will be described.
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[0166] A rotation @x about the x-axis can be realized by the following alternating signals:

V57 = sin ot (Z direction)

Vog = cos ot (Y direction)

[0167] A rotation @y about the y-axis can be realized by the following alternating signals:

V57 = sin ot (Z direction)

Vioa = COs ot (X direction)

[0168] A rotation @z about the z-axis can be realized by the following alternating signals:

Vioa = sin ot (X direction)

Vog = cos ot (Y direction)

[0169] Next, a rotation about an axis slanted by an angle 6, from the x-axis in the x-z plane can be realized by the
following alternating signals:

197 = B sin ot

V,og = Acos ot + B cos ot = (A + B) cos ot

V122 = A sin ot

where B/A = tan 6,4
[0170] A rotation about an axis slanted by an angle 6, from the x-axis in the x-y plane can be realized by the following
alternating signals:

\J =D cos wt

12A

V12B = C cos ot

V57 = C sin ot + D sin ot = (C + D) sin ot

where D/C = tan 6,
[0171] A rotation about an axis slanted by an angle of (6, + 6,) can be realized by the following alternating signals:

V5 = Bcos ot + C sin ot = | BZ + C? | sin(ot + a)

V. og = Acos ot + C cos ot = (A + C) cos ot
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Vo7 = Asin ot + B sin ot = (A + B) sin ot

where B/A = tan 6,, B/C =tan o, and C/A =tan 6,

[0172] Next, the vibration type actuator shown in Figs. 21A and 21B and in Figs. 24A to 24D is used, and the alter-
nating signals to be supplied to the polarized areas A to D of each piezoelectric element will be described.

[0173] V, 1o Vpcorrespond to the polarized areas Ato D in Fig. 21B and to the piezoelectric elements 303a to 303d
in Fig. 24A.

[0174] A rotation about an axis slanted by an angle of 8, from the x-axis in the x-z plane can be realized by the
following alternating signals:

V, = Asin ot + Bsin ot = (A + B) sin ot
Vg = Acos ot + B cos ot = (A + B) cos ot
Ve =Asin ot - Bsin ot = (A-B) sin ot

Vp =-Acos ot-Bcos ot =- (A +B)cos ot

where B/A = tan 6,
[0175] A rotation about an axis slanted by an angle of 6, from the x-axis in the x-y plane can be realized by the

following alternating signals:
V, =Csin ot + D cos ot N c? + D? ) sin (ot + 0,

2
(
. /( 2 2]
Vg = Ccos ot - D sin ot C”+D" ) cos (ot + 6,
. /( 2 2] .
Vo =Csinot-Dcos ot=-,{ C” +D" | sin (-ot + 8,)

Vv

)

)
. 2 2

-Ccos ot +Dsin ot=-4{C +D" ) cos (ot +0,)

D:

where D/C = tan 6,
[0176] A rotation about an axis slanted by an angle of (64 + 0,) can be realized by the following alternating signals:

Vo = A sin ot + B cos ot + C sin wt

i}

(A + C) sin ot + B cos ot

v {(A + C)? + B*} sin (ot + a)

Vs, = A cos wt + B sin ot + C cos ot

(A + C) cos wt + B sin ot

1

v {(A + C)? + B} cos (-ot + a)

16



10

15

20

25

30

35

40

45

50

55

EP 0 923 144 A2

V. = A sin wt - B cos ot - C sin ot

(A - C) sin ot - B cos ot

- ¥ {(A - C)? + B%) sin (-ot + B)

V, = - A cos wt + B sin ot - C cos wt

- (A + C) cos ot + B sin ot

- v {(A + C)* + B} cos (0t + a)

where B/A = tan 6,, C/A =tan 6,, tan o= B/A + C, and tan B = B/(A - C)

[0177] Fig. 30 is a block diagram showing a driver circuit for driving the vibration member shown in Figs. 21A and
21B and Figs. 24A to 24D.

[0178] Reference numeral 101 represents a CPU for controlling the whole system, reference numeral 102 represents
an oscillator, reference numerals 103A and 103B represent phase shifters, and reference numeral 104 represents a
selection switch.

[0179] Reference numerals 105Z, 105A, and 105B represent output circuits for forming drive waveforms. The output
circuits 105Z, 105A, and 105B are connected to the polarized areas 303a to 303d and supplies alternating voltages
(signals) thereto. These piezoelectric elements excite vibrations in the z-, x-, and y-axis directions.

[0180] The vibration amplitude of the vibration member can be changed by setting the oscillation frequency of the
oscillator 102 near to or far from the natural frequency of the vibration member.

[0181] Reference numeral 107 represents a pulse width controller for controlling a pulse width, the pulse width con-
troller being able to control the amplitude of an alternating voltage to be applied to the piezoelectric element. By con-
trolling the pulse width, the alternating voltage and vibration amplitude can be changed independently for each voltage
and amplitude.

[0182] The phase shifters 103A and 103B can change the phase of an output signal from the oscillator 102.
[0183] By applying three alternating voltages having a voltage and phase difference given by the equations shown
in the twentieth embodiment, a rotation about a desired axis can be realized.

[0184] Amplitude and phase information of the vibrations in the z-, x- and y-axis directions generated by the piezo-
electric element 103 (303) and their voltages corresponding to the vibrations, are supplied as detection signals 1257,
12SA, and 12SB from the detection circuits 106 to CPU 101.

[0185] In accordance with the supplied information, CPU 101 controls the pulse width controller 107, phase shifters
103A and 103B, and oscillator 102 to thereby control each vibration to have predetermined amplitude and phase
difference.

[0186] A signal from a rotation detector 108 is fed back to CPU 101 so that the rotation axis and number can be
controlled more precisely.

[0187] By controlling the pulse width controller 107, phase shifters 103A and 103B, and the like in accordance with
the information supplied from the detection circuits 106, the shape of the ellipsoidal locus of vibrations can be controlled
as desired.

[0188] The following operations become possible by the above control.

1. Since a speed distribution of the vibration member changes in a motion direction, the speed of the moving
member can be changed.

2. Since a friction force distribution changes, it is possible to form an ellipsoidal locus having a minimum friction
loss. For example, as to the inclination of the ellipsoidal locus, the axes of the ellipsoidal locus are controlled to
perpendicularly intersect with the spherical surface of the moving member.

Specifically, it is possible to improve an efficiency by generating the ellipsoidal locus in a radial direction of the inner
circumferential surface 100a (oblique to the axial direction) of the elastic member 100 shown in Fig. 21A.

[0189] Alternatively, it is possible to drive the vibration member in the state of the ellipsoidal locus having a maximum
efficiency, by feeding back signals from unrepresented rotation detector and power meter. 3. Since the contact state
(displacement and speed in a normal direction) of the moving member and vibration member also changes, the ellip-
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soidal locus can be formed which provides a contact state with a minimum impact or does not generate abnormal
noises such as flutter sounds.

[0190] Obviously, the vibration type actuators of the fourteenth to twentieth embodiments described above may be
replaced by the vibration type actuators shown in Figs. 13 to 15.

[0191] Although the origins of the x- and y-axes are set to the center of the polarized areas of the piezoelectric
element as shown in Fig. 21B, it is not intended to be limited thereto.

[0192] The vibration member may be moved relative to the moving member.

[0193] Accordingtothe embodiments described above, it is possible to provide a relative motion in a desired direction
between the vibration member and moving member. Since a single vibration member is used, the space of an actuator
can be saved. A relative motion between the vibration member and contact member can be set to any direction, for
example, not only rotation about the x-, y-, and z-axis directions but also motion in an oblique direction, so that the
application field of the invention can be widened greatly.

[0194] Inaddition, simplification of the arrangement of electro-mechanical energy conversion element itself, reduction
of the necessary space and easily signal applying means, e.g., line arrangement, are achieved by the embodiments.
[0195] Further, since the contact surface of the vibration member can drive a spherical contact member, the contact
member can be moved at a multi-degree of freedom so long as the contact member has a partial spherical area.
[0196] Still further, the vibration member can be supported without adversely affecting vibrations excited in the vi-
bration member.

[0197] Furthermore, a compact vibration type driving apparatus using a multi-degree of freedom vibration type ac-
tuator can be realized. It is therefore possible to perform fine operations of a medical apparatus or the like to be used
in a small space hard to be accessed by human hands.

[0198] Further, since the moving member is made in pressure contact with the contact member by using pressuring
means, a pressure contact therebetween can be reliably maintained.

[0199] Still further, the contact member is made in contact with the vibration member by a constant suction force,
the moving member can be driven under a stable pressure force.

[0200] It is also possible to reliably suck air and make the contact member be sucked and pressured against the
vibration member.

[0201] Further, since the contact member can be pressured against the vibration member at a positive pressure, the
pressure force is controlled easily. It is also possible to prevent dusts or the like from reaching the contact area between
the contact member and vibration member by using a holding member. Since the holding member is allowed to move
at one degree of freedom, the motion at other degrees of freedom can be made easy correspondingly.

[0202] Still further, by adjusting the phase difference of at least one type of vibrations among three types of vibrations
in use in accordance with the angle of the driving surface, the angle of vibrations of the vibration member can be
changed sothat an ellipsoidal motion suitable for driving the contact member can be generated on the vibration member.
[0203] Sincethe natural frequencies of longitudinal and traverse vibration of the vibration member become coincident
with each other, an ellipsoidal motion can be produced on each point of the vibration member in three planes intersecting
at a right angle. By coupling the contact member to the ellipsoidal motion on each point of the vibration member, the
contact member can perform a motion of a multi-degree of freedom. Since the single vibration member is used, the
space of the actuator can be saved and it is not necessary to make a plurality of vibration members have the same
characteristics as in the conventional case.

[0204] Still further, it is possible to lower the natural frequency of longitudinal vibrations of the vibration member, and
to make the natural frequencies of longitudinal and traverse vibrations generally coincident.

[0205] Further, by adjusting the natural frequency of mainly traverse vibrations, the natural frequencies of the primary
longitudinal vibration mode and secondary traverse vibration mode can be made generally coincident. Therefore, a
multi-degree of freedom vibration type actuator can be realized which utilizes the primary longitudinal vibration mode
and secondary traverse vibration mode of the vibration member.

[0206] Further, by adjusting the natural frequency of mainly longitudinal vibrations, the natural frequencies of the
primary longitudinal vibration mode and secondary traverse vibration mode can be made generally coincident. There-
fore, a multi-degree of freedom vibration type actuator can be realized which utilizes the primary longitudinal vibration
mode and secondary traverse vibration mode of the vibration member.

Claims
1. Avibration type actuator comprising:

a vibration member for generating vibration displacements in at least three different directions; and
a contact member in contact with said vibration member,
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the vibration type actuator characterized in that the vibration displacements in at least three different directions
are excited in said vibration member to generate synthetic vibrations and move said vibration member and
said contact member relatively in a desired direction.

Avibration type actuator according to claim 1, wherein said synthetic vibrations form a circular or ellipsoidal motion
in a desired direction in a driving part of said vibration member.

A vibration type actuator according to claim 1 or 2, wherein said vibration member can independently generate
vibration displacements in three-axis directions intersecting each others at a substantial right angle, and the syn-
thetic vibrations are generated by giving a time sequential phase difference to said vibration displacements in the
three-axis directions.

Avibration type actuator accordingto claim 1, 2, or 3, wherein said vibration member includes electrical-mechanical
energy conversion elements for exciting longitudinal vibration, and a plurality of traverse vibrations in different
directions.

Avibration type actuator accordingto claim 1, 2, or 3, wherein said vibration member includes electrical-mechanical
energy conversion element for generating vibration displacements in three different directions by using only flexural
vibrations.

A vibration type actuator according to claim 1, 2, 3, or 4, wherein said electrical-mechanical energy conversion
element include polarized areas commonly used for the vibration displacements in different directions.

A vibration type actuator according to claim 1, 2, 3, 4, or 6, wherein said vibration member includes electrical-
mechanical energy conversion element generate longitudinal vibration, and a plurality of traverse vibrations in
different directions, respectively in a driving part of said vibration member, by selectively combining a plurality of
polarized areas.

A vibration type actuator according to claim 6, wherein said elastic member is generally shaped as a rod shape,
each of said electrical-mechanical energy conversion element includes polarized areas divided into at least four
and reactively contacts said elastic member at a position in an axial direction of said elastic member, at least two
of said polarized areas are commonly used for generating vibration displacements in two directions, and an alter-
nating signal having a different phase is applied at least one of the two commonly used polarized areas in order
to change a direction of vibration displacements to thereby switchover between longitudinal and traverse vibration
displacements of said vibration member.

A vibration type actuator according to claim 8, wherein said elastic member is a combination of generally a rod
shape and generally a disk shape.

A vibration type actuator according to any one of claims 1 to 9, wherein said vibration member and said contact
member are moved relatively in a desired direction by changing a ratio between components of a combination of
said vibration displacements in at least three different directions.

A vibration type actuator according to any one of claims 1 to 10, wherein a contact area of said contact member
1o said vibration member has a spherical surface.

A vibration type actuator according to any one of claims 1 to 11, wherein at least a portion of said vibration member
having a driving part in contact with said contact member has a generally rod shaped portion, and said generally

rod shaped portion is formed with a small rigidity portion for enhancing the vibration displacements.

A vibration type actuator according to claim 7 or 8, wherein said longitudinal vibration is in a primary mode and
said plurality of traverse vibrations in different directions are in a secondary mode.

A vibration type actuator according to claim 7, 8, or 13, wherein said elastic member is generally shaped as a rod
shape, and a natural frequency of said longitudinal vibration is changed by changing a diameter of a shaft member

in a central area and a diameter or shape of a recess formed in the shaft member.

A vibration type actuator according to claim 13 or 14, wherein a natural frequency of said longitudinal vibration
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and a natural frequency of said plurality of traverse vibration in different directions are generally coincident with
each other.

A vibration type actuator according to any one of claims 1 to 15, wherein by adjusting a phase difference of said
vibration displacements in at least one direction among said vibration displacements used for the synthetic vibra-
tions, a vibration angle of said vibration member is changed.

A vibration type actuator according to any one of claims 1 to 16, further comprising a pressuring mechanism for
pressing said vibration member and said contact member.

A vibration type actuator according to claim 17, wherein said pressuring mechanism attracts and presses said
vibration member and said contact member by a magnetic force.

A vibration type actuator according to claim 17, wherein said pressuring mechanism attracts and presses said
vibration member and said contact member by sucking air.

A vibration type actuator according to claim 17, wherein said pressuring mechanism includes a pressure member
for elastically pressing said contact member against said vibration member under a freely movable state of said
contact member, and a holding member for receiving a reaction force from said pressure member.

A vibration type driving apparatus comprising:

a vibration member for generating vibration displacements in at least three different directions; a contact mem-
ber in contact with said vibration member; and

a driven member, the vibration type driving apparatus characterized in that the vibration displacements in at
least three different directions are excited in said vibration member to generate synthetic vibrations and move
said vibration member and said contact member relatively in a desired direction, and said driven member is
driven by one of said vibration member and said contact member.

A vibration type driving apparatus according to claim 21, wherein said electrical-mechanical energy conversion
element include polarized areas commonly used for the vibration displacements in different direction.

A vibration type driving apparatus according to claim 21 or 22, wherein synthetic vibrations provided by selective
combination of at least two types of vibrations among said longitudinal vibrations and said plurality of traverse
vibrations in different directions move of said vibration member and said contact member relatively, said longitudinal
vibration is in a primary mode, said plurality of traverse vibrations in different directions are in a secondary mode,
and said driven member is driven by one of said vibration member and said contact member.

A vibration type driving apparatus according to claim 21, 22, or 23, wherein by adjusting a phase difference of said
vibration displacements in at least one direction among said vibration displacements used for the synthetic vibra-
tions, a vibration angle of said vibration member is changed.

A vibration type driving apparatus according to claim 21, 22, 23, or 24, wherein the vibration type driving apparatus
constitutes an articulation part of an arm performing a motion of a multi-degree of freedom.

A vibration type driving apparatus according to claim 25, wherein the vibration type driving apparatus is driven by
remote operation means.

A vibration wave motor having a moving member capable of movement in at least two degrees of freedom and a
vibration member in contact with the moving member and capable of vibration in a plurality of different vibratory
modes, each vibratory mode of the vibration member producing movement of the moving member in a respective
one of its degrees of freedom.

A vibration motor according to claim 27, wherein the vibrating member includes a plurality of electromechanical

energy conversion elements operable independently or in combination to vibrate the vibration member in its re-
spective vibratory modes.
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